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SUMMARY

A program whose ultimate objective is the development of an alkali
metal resistant, thermal shock resistant, leak-tight, and neutron radi-
ation resistant ceramic-to-metal seal capable of operation at 1200°C
for three to five years has been completed. The program consisted cf
a screening phase in which candidate braze systems were evaluated on
the basis of the metallurgical and strength characteristics of simple
braze specimens and their behavior in a 1000-hour aging test sequence
followed by a more demanding test sequence involving thermal cycling
and 5000-hour aging of capsule specimens. Although the probable
attainrient of the ultimate goal of five-year service 2t 1200°C has not
been demonstrated for any of the braze systems examined, significant
and relevant information and additional new technology which is appli-
cable to the further pursuit of the ultimate objective has been developed,.

Alloys of the nominal compositions Pt-1Ce, Pt-2Hf, V-2Ce,
V-2Hf, V-1Zr, V-2Ti, 64V-34Cb-2Zr, 64V-34Cb-2Ti, and pure V
were tested for their ability to form a braze seal between very high purity
alumina ceramic and Cb-1Zr alloy; and alloys cf the nominal compositions
V-10Mo, 65V-35Cb, V-10Mo-2Zr, V-2H{, and 64V-34Cb-2Zr were
tested for their ability to form a braze seal between very high purity
alumina ceramic and T-111 alloy (Ta-8W-2Hf).

Two hundred sixty-two braze test specimens were prepared and
evaluated, Of these, 224 were tests involving alumina and the Cb-1Zr
alloy; 35 were tests involving alumina and the T-111 alloy; and three
were tests involving beryllia and the Cb-1Zr alloy. These specimens
were involved in a variety of tests, including 161 ultrasonic tests, 178
shear tests, 188 visual examinations of-the broken surfaces, 52 metal-
lurgical examinations, 47 microhardness profiles, and 40 electron
microprobe examination series. Each of these electron microprobe
examinations involved the measurement of the apparent concentration
traces of six elements plus one or more back- scattered electron and area
scan measurements., In addition, eighty modulus of rupture test speci-
ments were prepared and tested.

None of the attempts to bond alumina and T-111 alloy were
successful. Bonding between the ceramic and the T-111 is achieved at
the braze temperatures of 1850-1950°C. Recause of the thermal
expansion differences, tensile forces are set up in the alumina as it
cools, and because the brazes are not sufficiently ductile or plastic to
accomodate these forces, the alumina cracks.

The platinum brazes typically dissolve large amounts of the Cb-1Zr
alloy, and the resultant brazes contain two or three Pt-Cb alloys or com-
pound compositions.

The vanadium and vanadium-niobium (columbium) base alloy
brazes also dissolve large amounts of Cb-1Zr alloy, but the resultant
braze alloy is single phase, and characteristically freezes to form




crystallites which are continuations of crystallites in the Cb-1Zr alloy.
In addition, the vanadium and vanadium- niobium (columbium) base brazes
tend to dissolve alumina, so that the final brazes contain appreciable
amounts of aluminum, and presumably, oxygen, as well.

Fourteen bulb samples were prepared using two brazes with
alumina and Cb-1Zr alloy. These bulb specimens were used in 14
thermal shock test evaluations, two thermal cycling tests, one cesium-
vapor aging test, and six simple aging tests. Vacuum integrity measure-
ments, metallographic examinations and microhardness traverse measure-
ments were used in the evaluations of these bulb test samples.

- These bulb samples were made using the V-2Ti and the pure V
brazes. The samples formed by the V-2Ti brazes were found not to be
vacuum tight., Those formed by the pure vanadium braze were vacuum
tight and were demonstrated to be capable of undergoing 64 thermal
cycles to 1200°C at 100°C/min. Uncycled vanadium brazed samples
also survived the 5000-hour aging treatments at 800°C, 1000°C, and
1200°C. One sample survived the 64 thermal cycle treatment followed
by a 5000-hour aging exposure at 1000°C without loss of vacuum integrity.

A bulb sample fitted with a cesium-filled reservoir which was
held at 338°C {calculated cesium vapor pressure, 5 torr) survived a
1000-hour aging period at 1200°C, but developed a vacuum leak before -
completing a 5000-hour aging period.

In the final analysis, use of an active metal ceramic wetting
promoter such as zirconium or titanium was found not to be necesgsary
to effect a good bond to high-purity alumina ceramic. In fact, the pure
vanadium braze was found to have adequate wetting capability. Fur-
ther, the vanadium-base brazes which did contain one or two percent of
a wetting promoter were found to be too active, and did not form
vacuum-tight seal joints.

It is concluded that a pure vanadium braze, used to bond tungsten-
coated high-purity alumina to high quality columbium- 1% zirconium
alloy, represeats a ceramic-to-metal seal system capable of at least
a year's operation in cesium vapor at a minimum temperature of 1000°C.




INTRODUCTION

The ultimate objectives of this ceramic-to-metal seal program are:

"to provide long life (3 to 5 years), high temperature (1200°C), alkali metal
resistant, thermal shock resistant, leak-tight, and neutron radiation resis-
tant seals suitable for application in in-pile or out-of-pile nuclear thermionic
space power systems,' (Ref. 1). To this end, ceramic-to-metal seal systems
were to be defined, prepared, and tested under conditions of thermul shock,
high temperature aging to 5000 hours, and exposure to cesium metal vapor

in order to evaluate their potential for long service life at 800°C, 1000°C,
1200°C, and 1400°C. The ceramic-metal combinations to be tested to 1200°C
_were high purity alumina with Cb-1Zr alloy, and high purity alumina with
T-111 (Ta-8W-2Hf) alloy. Ia addition, if the Al203/T-111 tests were suc-
cessful at 1200°C, the combination of high purity beryllia with T-111 alloy
was to be tested to 1400°C.

The program study sequence involved two phases. In Phase I, thir-
teen braze systems, each consisting of a very high purity (99.99%) alumina
ceramic braze alloy-refractory metal alloy combination, were carried
through a brazing operation and a screening evaluation of the resultant
braze joints. Each of the braze alloys was used with both a tungsten and a
molybdenum barrier on the ceramic, so that in this initial series, twenty-
six systems were examined. The evaluation of these twenty-six systems
was made and the ten most promising systems were examined further in
the second part of the Phase I study. This consisted of aging tests at 1200°C
for times of610, 100, 500, and 1000 hours (3.6 x 104, 3.6 x 105, 1.8 x 10°,
and 3.6 x 10°9s), * The analyses of the aged samples included Modulus of
Rupture measurements, and microstructural, microhardness, and electron
microprobe examinations.

Based upon these findings, the best braze system was selected for
testing in the Phase II part of the program. This involved the fabrication
of bulb-type samples using Al203 ceramic rings and refractory metal end
caps, and the evaluation of these bulbs for their vacuum integrity in thermal
shock, their aging behavior to 5000 hours (1.8 x 107s), and their long-term
resistance to cesium vapor at temperatures to 1200°C. Figure ] is a test
sequence diagram for the program.

The preparation of early ceramic-to-metal seals involved a metal-
lizing step by which a thin deposit of a metal such as molybdenum, rhenium,
tungsten, iron, chromium, nickel and/or manganese was deposited on the
ceramic material. (Ref.2) The seal between this metal deposit and the
ceramic is formed by the development of a thin glassy bond. The metal
member of the seal is then brazed to the metallized surface. For service
temperatures up to about 500°C, copper- or silver-base braze alloys are
commonly used. For service in the 500-800°C range, nickel- or palladium-

#In this report, the commonly used engineering units are used as the
primary units. The Internatioral System (SI) units are shown in paren-
theses. Appendix I gives the pertinent conversion factors,
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base brazes are useful. This type of seal is quite adequate for many appli-
cations, but the presence of the glassy phase, which is usually a silica-base
glass, makes these seals unsuitable for service with alkali metals.

One must turn to the use of highly purified ceramics when alkali-
metal resistance is a requirement. In particular, the silica contents of
ceramics such as Al203 or BeO must be kept below 100 ppm if attack is to
be avoided. Such high purity materials require a joining technique other
than the use of a silicate glass in order to maintain their alkali metal
resistance.

One method that has been examined in some detail, and has shown
success, is the formation of graded seals (Ref.3). Here one uses several
layers of mixtures of highly purified oxide and metal powders grading {rom a
mostly-oxide to a mostly-metal layer. These mixtures are bonded and den-
sified by hot pressing, or by cold pressing and sintering.

A second method of forming ceramic-to- metal seals involves the use
of an active metal, such as a Group IV metal, that will react with and wet
a ceramic. This ability of the Group IV metals to wet a ceramic is not
materially diminished by dilution in less active metals. An alloy containing
only a few percent of zirconium or titanium readily wets alumina or
beryllia surfaces. Once the surfaces are wet, the braze will adhere to

them, and if there is no major mismatch in expansion behavior, a joint
will be formed. ) T

The most persistent problem associated with active-metal seals is
the tendency of the braze alloy to continue reacting with the ceramic.
While the reaction itself may not be deleterious, compounds or phases may
be produced in the braze or at the interface. Some phases, particularly
the intermetallics, are typically hard and brittle, and are prone to crack
under stress.

This tendency to continue reacting, and the tendency to undergo an
excessive interaction during the brazing cycle have been experienced by
several investigators (Ref. 2, Ref. 4, Ref, 5). However, the alloys tested
all had rather large amounts of titanium and/or zirconium, such as
Ti-48Zr- 4Be, Ti-49Cu-2Be, Zr-23Cu-2Be, Zr-5Be, Zr-6Ni-6Cr-6Fe,
Zr-19Nb-6Be, Zr-28V-16Ti, and various Ti-V- Zr alloys. During the braz-
ing period, only a small fraction of the braze alloy reacts with the ceramic,
so that a large reservoir of active metal remains in the frozen braze.
Therefore, because the chemical stabilities of the Group IV oxides are some-
what greater than that of Al203, the condition for continued reaction is
present.

In the present study, whose goals are to produce a ceramic-to-metal
seal suitable for use for extended periods at 1200°C, smaller amounts of
reactive metals were to have been used, so that only 2 small amount of
active metal would remain in the braze after the completion of the brazing
operation.
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- MATERIALS

The materials used in this program were special high purity (low
silica) ceramics, zone-refined braze stock elements, and very good quality
refractory alloys. The specifications for the alumina bodies were that they
be 99.9+% pure with a maxi mum of 50 wppm S5iO2, and that the bodies have
less than five percent porosity. The analyses of the materials used are
given in Appendix II, which shows the alumina to be nominally 99. 99% pure
with <43 ppm SiO2. The specifications for the beryllia bodies were that they
be 99.9+% pure with a maximum of 75 wppm SiO2, and that the bodies have

-less than five percent porosity. The analyses of the materials procured are

given in Appendix II, which shows the beryllia to be nominally 99. 98% pure
with 64 wppm SiO;.

The braze materials used in the program were prepared from triple-
pass zone-refined elements of the highest ccmmercially available purities.
The thirteen braze alioys originally specified for the test program and
their braze systems are shown in Table I. Some of these brazes proved to
be very difficult to form into the desired 5-mil foils. They were replaced
by the more tractable alloys which are indicated by the "A'" designations
in Table I, The details of the materials compositions and braze preparation
are given in Appendix II, as are the details of the compositions of the Cb-1Zr
and the T-111 (Ta-8W-2Hf) alloys.

Pure vanadium, the braze found to be the best in these studies, is
listed as #14 in Table 1.



TABLEI

CERAMIC-TO-METAL BRAZE SYSTEMS

Nominal
System No, Braze Ceramic Alloy
Composition
1% 98Pt-2Ce ) A1203 Cb-1Zr
1A 99Pt-1Ce Al, O, Cb-1Zr
2 98 Pt-2Hf A1203 Cb-1Zr
3 98V-2Ce A1203 Cb-1Zr
4 98V-2H{ A1203 Cb-1Zr
5 99V-1Zr 1‘-\.1203 Cb-1Zr
6 98V-2Ti Al,O4 - - Cb-1Zr
7 90V-10Mo A1203 T-111
8 65V-35Chb Al,O4 T-111
9 64V-34Cb-2Zr A1203 Cb-1Zr
10 ' 64V-34Cb-2Ti Al,O4 Cb-1Zr
11% 60Zr-25V-15Cb Al,O4 T-111
11A 98V-2Hf Al,O, T-111
12% 49Cb-36Zr-15V A1203 T-111
12A 64V-34Cb-2Zr Al,O4 ;I‘-lll
13% 59Re-40V-1Zr A1203 T-111
13A 90V-8Mo-2Zr A1203 T-111
14%% Pure V .1\.1203 Cb-1Zr

*These compositions were nct readily formable as 0. 005-inch foil and
were replaced by the "A' materials shown.
#%This material was not among those initially examined in the program.
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- - GENERAL LABORATORY EQUIPMENT

The general laboratory equipment used to carry out the program
included aging furnaces and their appurtenances, vacuum chambers and
their appurtenances, a clean bench, and a brazing furnace. These equip-
ment items are described in detail in Appendix III.



PHASE I TEST PROGRAM

The Phase I Test Program goal was to determine the best braze-alloy-
ceramic combinations on the basis of measurements and observations of
the nature of the thirteen braze alloys shown in Table I. Each braze alloy
was to be tested with both a tungsten and a molybdenum barrier on the
alumina ceramic. A minimum matrix of three braze temperatures and two
hold times was to be exami:ied for each of the twenty- six braze systems,.
The completed brazes were to be examined and tested for wetting, braze
reaction with the ceramic, fillet characteristics, ultraronic response, and
shear strength. The sequence of testing of the Phase I braze materials is
shown on the test flow sheet in Figure 2, and the details of the various tests
and their evaluations follows,
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PHASE I TEST PROCEDURES AND SPECIAI. TEST EQUIPMENT

Brazing .- The brazing jigs used in the Phase I studies were built for
their particular purposes using tantalum, T-111 alloy, or Cb-1Zr alloy.
Figures 3 and 4 are photographs of the brazing jigs. Appendices IV and
V show the details of these button sample and MOR sample jigs, respectively.

The selection of the brazing test conditions was based on the phase dia
gram data for the braze alloys. Ja gener:l, the liquidus temperature of the
braze alloy was chosen as one of the braze temperat-.res. Then, recognizing
that the braze alloys might tend to dissolve some of the refractory alloy,

a lower ter-perature was tentatively selected. Also, a higher temperature
limit was tentatively chosen at 20°C above the liquidus temperature. These
temperatures are shown in Table II, together with the temperature ranges
actually tested.

The brazing test duration at temperature was varied from 30 to 120 sec
for most systems, but in a few cases the brazing periods were 300 seconds.

Ultrasonic Scanning Tests.~ The unit used in this program was a Model
1177 Hi-Res System manufactured by the Don Erdman Company. A Nortec
CZ3-22-8 transducer was used.This is a 3/16-inch (0.476 cm) diameter
unit tuned at 22 Megahertz and shaped to yield a 1/2-inch (1. 27 cm) water
path focal length. The transducer was shaped to focus its pulse on a gpot

0,040 inch (1.0 mm) in diameter. The cutput from the receiver was photo-

graphed from a Model 545A Tectronix oscilloscope.

The brazed test samples were tested by two different methods using an
ultrasonic pulse-echo technique, The first technique used had a go/no- go
character, and involved the measurement of the intensity of a reflected
longitudinal sonic pulse which had passed through the braze joint twice.

The pulse first enters the Al203 from above, passes through the Al203
to the braze interface, passes through the braze region into the Cb-12Zr (or
T-111) alloy, reflects off the end of the sample and then traverses upward
ir the alley back to the braze. It again passes through the braze into the
Al203 and thence moves through the A1203 to the water interface and back
to be deteciad and measured in the transmitting/receiving head. Based on
the transmission through a metal sample, the detector is set to respond to
a minimum intensity of the reflected sonic puls.:, and to actuate a pen to
trace when the signal strength exceeds the set point value. By moving the
transmitte/receiver head over the samplr, oue can trace a pattern of
go/ no- go :response over the surface of the samrgle in the form of continuous
or interrupted parallel lines. In order to evaluate these ultrasonic scan-
trace pacterns, a five-unit scale of G, GF, F, FP, and P was adopted
as an ‘nterpretation scale. However, the interpretations of thzse traces
were complicated by the existence of the ever-present edge-effects and it
was not always possible to inierpret the diagrams in a quantitative way.

11
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TABLE I
BRAZE TEMPERATURES

Actual
Temperature
Tentative Range
No. Braze Comp. Alloy* Temperatures, °C Tested, °C
1A | 98Pt - 1Ce C 1690, 1720, 1740 1690-1740
2 98Pt - 2Hf c 1700, 1720, 1740 1680-1740
;3 98V - 2Ce C 1850, 1870, 1890 1842-1885
|4 98V - 2Hf C 1850, 1870, 1890 1842-1885 :
5 | 98V -1Zr o 1850, 1870, 1890 1842-1885
6 98V - 2Ti o 1850, 1870, 1890 1842-1885
7 90V - 10Mo T 1940, 1960, 1980 1850-1980
i 65V - 35Cb T 1830, 1850, 1870 1820-1885
19 64V - 34Cb-2Zr C 1830, 1850, 1870 1840-1885
10 | 64V - 34Cb-2Ti C 1830, 1850, 1870 1820-1885
| 11a| 98V - 28 T 1850, 1870, 1890 1855-1885
12A ! 64V - 34Cb-2Zr T 1830, 1850, 1870 | 1855-1885
13A| 90V - 8Mo-2Zr T 1940, 1960, 1980 L 1940-1960

% Alloy Code: Cis Cb-1Zr, T is T-111.
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Because of this difficulty, an alternate mode of operation of the ultra-
sonic pulse-echo technique was developed. Basically, this technique isa™’
modification of the pulse-echo go/no-go record used in the early examinations
of button brazes. The ulirasonic transducer is positioned over the sample
and the echo-trace is displayed on an oscilloscope such that the echo from
the top of the ceramic button is located near the left side of the screen, and
the echo from the bottom of the metal rod is displayed near the middle of
the screen. Then the transducer is moved to locate it at the position of the
maximum bottom-echo response for the test reading. The echo signal
passes through an amplifier before it is fed to the oscilloscope. In the test,
the gain of the amplifier is adjusted to produce a bottom-echo response of
four volts (a two-cm peak on the vertical scale at two volts/cm). Then the
entire echo trace is photographed at this gain setting. The photograph and
the amplifier gain dial reading constitute the record taken for each sample.

Thus, the echo signal from the bottom of the sample is used as an
internal standard in this comparative echo-display analysis method. This
is a good standard bec